Background: correct evaluation of iron status is important in young infants because both iron deficiency and excess may have negative effects on development, growth, and morbidity. Methods: We evaluated iron status using erythrocyte parameters, including reticulocyte hemoglobin content (chr) in infants with birth weight <3,000 g (n = 80). Blood samples and infant characteristics were recorded at 6 wk and at 4 and 6 months. Infants with a birth weight ≤2,500 g (n = 36) were recommended for iron supplementation. results: Despite a significantly poorer status at 6 wk, iron-supplemented infants had significantly higher hemoglobin level (hb): 12.2 (sD = 0.8) g/dl and chr: 28.3 (sD = 1.4) pg at 6 mo, as compared with nonsupplemented infants, hb: 11.7 (sD = 1.0) g/dl, P = 0.02 and chr: 26.5 (sD = 2.5) pg, P < 0.001. Prolonged exclusive breastfeeding, high weight gain, and male gender were the predisposing factors for a low iron status at 6 mo. a chr cutoff level of 26.9 pg at 4 mo proved to be a sensitive predictor for anemia at 6 mo. conclusion: signs of an iron-restricted erythropoiesis were observed in nonsupplemented infants (birth weight 2,501-3,000 g), and chr was a useful tool for evaluating iron status. The need for iron supplementation in certain infant risk populations should be further evaluated. i ron is a vital micronutrient for all cells and its adequate status is important especially during fetal life and infancy (1,2). Rapid postnatal weight gain and the related expanding hemoglobin and myoglobin masses are associated with increased iron requirements (3,4). In normal weight, term infants, fetal iron stores are considered sufficient for the first 6 mo of life, even when exclusively breastfed (3), whereas daily iron supplementation from 1 to 2 mo throughout the first year of life is commonly recommended for low birth weight, i.e., ≤2,500 g, infants due to low fetal iron stores and rapid catch-up growth (5). However, recent data suggest that 6 mo of exclusive breastfeeding may be associated with a poorer iron status in children with higher birth weights because of the low content of iron in breast milk (6-8).
i ron is a vital micronutrient for all cells and its adequate status is important especially during fetal life and infancy (1, 2) . Rapid postnatal weight gain and the related expanding hemoglobin and myoglobin masses are associated with increased iron requirements (3, 4) . In normal weight, term infants, fetal iron stores are considered sufficient for the first 6 mo of life, even when exclusively breastfed (3), whereas daily iron supplementation from 1 to 2 mo throughout the first year of life is commonly recommended for low birth weight, i.e., ≤2,500 g, infants due to low fetal iron stores and rapid catch-up growth (5) . However, recent data suggest that 6 mo of exclusive breastfeeding may be associated with a poorer iron status in children with higher birth weights because of the low content of iron in breast milk (6) (7) (8) .
As iron deficiency in infants, even without anemia, may cause impaired psychomotor development with potential permanent intellectual deficits (2, 9, 10) , early recognition of iron deficiency and intervention are essential. During the first months of life, interpretation of many biochemical markers may be difficult, due to substantial physiological changes, and the diagnosis of iron deficiency may be delayed. Common iron parameters such as ferritin, soluble transferrin receptor, transferrin saturation, and zinc protoporphyrin are found to be poor predictors of iron deficiency in children (11) . Iron is an essential component of hemoglobin, and erythrocyte parameters are generally considered to be good markers of iron status (12) . Reticulocyte hemoglobin content (CHr), which reflects the availability of iron for bone marrow hemoglobin production during the preceding 24-48 h was found to be superior to ferritin, transferrin saturation, and mean cellular volume (MCV) when bone marrow iron staining was used as a "gold standard" in adults (13) . In children, CHr has been suggested as a useful predictor of iron deficiency in several studies (11, 14, 15) . Due to the physiologically lower MCV and mean corpuscular hemoglobin levels in infants and toddlers, lower CHr cutoff levels in the range of 25.0-27.5 pg have been suggested for iron deficiency in this age group (11, 14, 15) .
In the current study, we have used erythrocyte parameters (hemoglobin level (Hb), MCV, red blood cells (RBCs), red blood cell distribution width, %hypochromic erythrocytes (%Hypo), and CHr) to evaluate iron status and the risk of subsequent development of anemia (defined as Hb <11.0 g/dl) in iron-supplemented infants with a low birth weight (≤2,500 g) and nonsupplemented infants with a birth weight between 2,501 and 3,000 g. This was then related to the clinical parameters, such as infant nutrition, weight gain, and gender, during the first 6 mo of life.
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3,000 g (nonsupplemented group). The infants in the supplemented group were significantly smaller than the nonsupplemented infants at 6 wk (mean 3,805 (SD = 379) vs. 4,102 (351) g, P < 0.001), but not at 4 mo (mean 5,966 (SD = 691) vs. 6,088 (701), P = 0.475) or 6 mo (7,137 (902) vs. 7,091 (744), P = 0.820). The supplemented group contained more twins and small-forgestational-age infants, and they had a lower mean gestational age as compared with the nonsupplemented group ( Table 1) .
In both groups, exclusive breastfeeding decreased from 42/80 (53%) at 6 wk to 31/68 (36 %) at 4 mo. At 6 mo, only one infant, from the supplemented group, was exclusively breastfed. The remaining infants received either additional or only formula and/or cereals. Mean duration of exclusive breastfeeding was 1.9 (SD = 2.3) mo in the supplemented group and 2.9 (SD = 2.3) mo in the nonsupplemented group (P = 0.07).
Although daily iron supplementation was recommended for the supplemented group throughout the first year of life, 6 of 32 infants had discontinued this at 4-mo follow-up and another 2 at 6 mo.
We observed no differences in erythrocyte parameters between the mothers from the two groups. Iron deficiency, defined as a CHr <31.5 pg, was seen in 79% at 6 wk, 89% at 4 mo, and 84% at 6 mo. Only two mothers were smoking, one in each group.
Erythrocyte Parameters According to Iron Supplementation
At 6 wk, i.e., before supplementation, the supplemented group had a poorer status with a lower mean Hb, higher mean red blood cell distribution width, and median %Hypo as compared with the nonsupplemented group, whereas CHr was equal for the two groups ( Table 2) . From 6 wk to 6 mo, all erythrocyte parameters improved in the supplemented group, and at 6 mo, both Hb and CHr were higher and %Hypo lower than in the nonsupplemented group ( Table 2 ). In the nonsupplemented group, both Hb and %Hypo remained fairly stable, but CHr decreased continuously. From 4 to 6 mo, the number of infants with anemia decreased in the supplemented group from 4 (13%) to 1 (3%) and increased in the nonsupplemented group from 2 (6%) to 9 (26%).
Erythrocyte Parameters According to Infant Characteristics
At 6 mo, the duration of exclusive breastfeeding and percentage weight gain from birth were significant predictors of CHr in a multiple linear regression model adjusted for sex and birth weight in the nonsupplemented group. CHr decreased per month of exclusive breastfeeding (B = −0.4; 95% CI: −0.8, −0.1; P = 0.028) and with increased percental weight gain (tertiles; <160, 160-202, and >202%; B = −1.5; 95% CI: −2.7, −0.2; P = 0.03). This was not seen in the supplemented group (P > 0.14).
In the nonsupplemented group, exclusive breastfeeding at 4 mo had profound effects on erythrocyte parameters at 6 mo. Nonsupplemented infants who were exclusively breastfed at 4 mo (n = 21) had a lower mean Hb vs. 0.8 (0.3, 1.1), P = 0.02) at 6 mo, as compared with infants who were not exclusively breastfed at 4 mo (n = 14). No differences according to nutrition were observed within the supplemented group ( Table 3) . Articles Torsvik et al.
At 6 mo, nonsupplemented boys had a significantly lower MCV (74 (SD = 4) vs. 80 (4) fl, P < 0.001) and higher median %Hypo (1.90 (25th, 75th percentile: 1.0, 3.1) vs. 0.8 (0.3, 1.2), P = 0.009) as compared with nonsupplemented girls. No differences according to gender were seen in the supplemented group at 6 mo (P > 0.1).
Predictive Value of CHr-a Real-Time Iron Parameter
There were strong correlations between CHr at 4 mo and erythrocyte parameters at 6 mo for both groups (Spearman correlation r for Hb: 0.38, P = 0.003; MCV: 0.76, P < 0.001; RBCs: −0.31, P = 0.02; red blood cell distribution width: −0.48, P < 0.001; %Hypo: −0.57, P < 0.001, and CHr: 0.57, P < 0.001, data given for the combined group).
We used generalized additive models to obtain a dose-response curve between CHr at 4 mo and hemoglobin level at 6 mo. A distinctly nonlinear CHr-Hb relation was found, with a gradual change in slope at a CHr concentration of ~28 pg by Davis test, corrected for iron supplementation in both groups combined. By applying segmented regression for the biphasic relationship, we obtained a breakpoint of 28.2 pg (95% CI: 27.0, 29.5), below which the inverse relationship between CHr and 
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Hb showed the steepest slope (Figure 1) . The same procedure was applied for CHr at 4 mo and %Hypo at 6 mo, giving an abrupt breakpoint of 26.6 pg (95%CI: 25.6, 27.6), below which the inverse relationship between CHr and %Hypo showed the steepest slope (Figure 2) .
For predicting anemia (Hb <11.0 g/dl) at 6 mo, the area under the receiver operating characteristic curve for CHr at 4 mo was larger than that for Hb at 4 mo (0.89 vs. 0.69), indicating that CHr was a more accurate marker for the detection of iron deficiency at 6 mo. The best sensitivity (91%) and specificity (79%) were obtained by using a CHr cutoff of 26.9 pg. At 4 mo, 16/33 (48%) infants from the nonsupplemented group and 8/30 (27%) from the supplemented group had a CHr <26.9 pg, P = 0.08. Infants with a CHr <26.9 pg at 4 mo had significantly poorer erythrocyte status, both at 4 and 6 mo ( Table 4) . At 6 wk, CHr was high in both groups and did not show any predictive value for subsequent anemia.
DIsCussIoN
In this study, erythrocyte parameters proved to be useful for the evaluation of iron status and risk of subsequent anemia in young infants. Despite a poorer status at 6 wk, iron-supplemented infants with birth weight ≤2,500 g had a better iron status as evaluated by erythrocyte parameters at 6 mo, as compared with nonsupplemented infants with a higher birth weight (2,501−3,000 g). A high weight gain, exclusive breastfeeding, and male gender were associated with a poorer iron status in the nonsupplemented group at 6 mo. A CHr cutoff level of 26.9 pg at 4 mo proved to be a sensitive and specific predictor for anemia at 6 mo.
A correct evaluation of iron status is important in young infants because both iron deficiency and excess may have negative effects on development, growth, and morbidity (16, 17) . CHr is a real-time iron parameter, reflecting bone marrow iron available for hemoglobin production during the preceding 48 h in comparison with other erythrocyte parameters that reflect mean values of the erythrocyte life span of 120 d. Rapid changes in erythrocyte and common iron markers, such as ferritin and soluble transferrin receptor, during the first months of life make these parameters less useful in infants; however, in comparison, CHr is considered a reliable iron marker during this period (11). Articles Torsvik et al.
Different CHr cutoff levels for defining iron deficiency have been suggested in children, but there is no clear agreement on this subject (11, 14, 15) . When using a CHr cutoff level of 26.9 pg at 4 mo, we obtained the best sensitivity and specificity for predicting anemia (Hb <11.0 g/dl) at 6 mo. However, anemia is a late sign of iron deficiency and the optimal CHr cutoff level for predicting iron deficiency in infants may be higher. A CHr threshold of <27.5 pg has been found to have a good sensitivity and specificity for detecting iron deficiency before the onset of anemia in healthy infants aged 9-12 mo (15) . During the first 6-8 wk of life, erythropoiesis is downregulated, and during this period it may be difficult to use CHr as an iron marker.
Although studies have shown a higher risk of iron deficiency in infants with a moderately low birth weight, especially if exclusively breastfed (6, 18, 19) , routine iron supplementation is commonly only recommended for infants with birth weight ≤2,500 g (5). In the current study, signs of an iron-restricted erythropoiesis were observed in nonsupplemented infants with a birth weight 2,501-3,000 g from 6 wk to 6 mo, given that their Hb level did not increase, %Hypo remained high, and CHr decreased, despite introduction of iron-enriched formula and cereals before 6 mo for most of them ( Table 2) . In contrast, iron-supplemented infants with a birth weight ≤2,500 g obtained a better iron and erythrocyte status during the first 6 mo of life, despite a poorer starting point.
Male gender and a high weight gain in the first months of life are associated with lower iron status (4, 20) as confirmed in this study, but only among the nonsupplemented infants. Exclusive breastfeeding is the factor that is most influential with regard to iron status in this group. In nonsupplemented infants, those exclusively breastfed at 4 mo had significantly lower hemoglobin level and CHr and higher %Hypo at 6 mo. This is in accordance with several published studies (7, 18) . Fetal iron stores are considered to be exhausted at 4-6 mo of age, and because breast milk contains only small amounts of iron, exclusively breastfed infants are at a risk of developing iron deficiency (21) .
A presumptive diagnosis of iron deficiency is supported by a response to iron therapy (22, 23) , and the fact that the CHr level continuously increased and at 6 mo was higher in ironsupplemented as compared with nonsupplemented infants strengthens the assumption of iron deficiency in the latter group. Erythropoiesis in infants is not fully understood and may differ from that in adults in various aspects (24) . An increase in hemoglobin was observed after iron supplementation in assumed iron-sufficient infants aged 4-6 mo (25); however, in this study, iron status was evaluated by hemoglobin, ferritin, and zinc protoporphyrin, considered not to be optimal iron markers in young infants (11) .
Iron status in infants is determined by iron stores at birth and postnatal diet, and in exclusively breastfed infants, both factors depend on maternal iron status (26) . The high prevalence of maternal iron deficiency (79-84% with CHr <31.5 pg, 6 wk to 6 mo) combined with a high exclusive breastfeeding rate (53-36%, 6 wk to 4 mo) in this study may be important contributing factors to the iron-restricted erythropoiesis observed in the nonsupplemented infants. 
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Conclusion
Erythrocyte parameters were useful for identifying infants with low iron status during the first 6 mo of life. A CHr cutoff level of 26.9 pg was a sensitive and specific marker for predicting later anemia in young infants. Signs of an iron-restricted erythropoiesis from 6 wk to 6 mo were observed in nonsupplemented infants with a birth weight 2,501-3,000 g. Prolonged exclusive breastfeeding, rapid weight gain, and male sex were predisposing factors for a low iron status as determined by erythrocyte parameters. The need for iron supplementation in infant populations with certain risk factors should be further evaluated in randomized intervention studies. Our results show that CHr is a useful tool for evaluating iron status in young infants.
MetHoDs
Study Population and Design
Healthy infants with a birth weight <3,000 g and their mothers were consecutively recruited during December 2008 to April 2010 at the Department of Obstetrics and Gynecology, Haukeland University Hospital, Bergen, Norway. According to routine, infants with a birth weight ≤2,500 g were recommended iron supplementation as ferrous fumarate mixture (Nycomed Pharma AS, Asker, Norway) 9 mg daily from 6 wk to 6 mo, subsequently 18 mg daily to 12 mo of age, and folic acid (Apotek, Oslo, Norway) 0.1 mg daily from day 3 to 3 mo. Exclusive breastfeeding was recommended for the first 6 mo and vitamin D supplementation, provided as cod liver oil (Møller's, Oslo, Norway) or vitamin D drops (Nycomed Pharma AS), was recommended from 6 wk of age (27) . Commercially available formulas and cereals were used if exclusive breastfeeding was abandoned. Iron content of the formulas was in the range 0.41-1.2 mg/100 ml prepared milk and for the cereals 7.5-10 mg/100 g prepared cereal.
The infants and their mothers were invited back for investigation at 6 wk, 4 mo, and 6 months. At each visit, the mothers completed a questionnaire addressing nutrition and vitamin and iron supplementation. The infants' weight, length, and head circumference were measured, and venous blood was collected by antecubital venipuncture from both mothers and infants.
Gestational age was based on ultrasonography at 17-18 weeks' gestation. Because the various types of formulas and cereals contained iron, infant nutrition at each visit was categorized as exclusive breastfeeding or mixed feeding, which included breastfeeding combined with formula, exclusive formula feeding, or either of these combined with solid foods.
The Regional Committee on Medical Research Ethics granted ethical approval of the protocol, and the mothers gave written, informed consent.
Blood Sampling and Analyses
Blood was collected into EDTA Vacutainer Tubes (Becton Dickinson, Franklin Lakes, NJ), and erythrocyte parameters (Hb, MCV, RBCs, red blood cell distribution width, %Hypo, and CHr) were analyzed within 4 h with an automated hematology analyzer (ADVIA 120, Bayer Diagnostics, Tarrytown, NY). A complete set of erythrocyte parameters was not available for all infants at all time points.
Statistical Analysis
All erythrocyte parameters, apart from %Hypo, showed a normal distribution and were presented as means ± SD. For %Hypo, median and interquartile range were used. Difference in means was compared by the Student's t-test and difference in medians with the Mann-Whitney U test. Correlation between pairs of continuous variables was estimated using the Spearman's correlation coefficient, whereas the association between two categorical variables was examined by using the χ 2 test. Multiple linear regression models were used to assess the relationships among sex, nutrition, and percentage weight gain from 6 wk to 6 mo and the hematological parameters at 6 mo.
A mixed linear effects model with random intercept was used to examine whether hematological parameters of the supplemented and nonsupplemented infants changed differently over time (6 wk, 4 mo, and 6 mo). This was tested by adding a product term of time and supplementation in the regression model including their main effects, using the Wald test. Post hoc analyses were further performed to test for differences in hematological parameters across time points within the two supplement groups. In the above-mentioned analyses, %Hypo was log-transformed to better meet the normality assumption of regression models.
Graphical illustration of dose-response relationship among CHr at 4 mo and Hb level and %Hypo at 6 mo was obtained by generalized additive models (28) . We tested for a nonzero difference in the slope of a segmented linear relationship by regressing hemoglobin and %Hypo at 6 mo on CHr at 4 mo at baseline, using the Davies test. The CHr-hemoglobin and CHr-%Hypo relationships at baseline were also fitted by segmented regression using the breakpoint value from the Davies test as the starting estimate for the breakpoint by segmented regression. Iron supplementation was included in the Davies test and the segmented regression model. Receiver operating characteristic analysis was used to establish the best sensitivity and specificity for predicting anemia (Hb <11.0 g/dl) at 6 mo for a given CHr cutoff at 4 mo.
Statistical analyses were performed by using SPSS (v. 18 for Windows, Chicago, IL), R version 2.8.1 (The R Foundation for Statistical Computing, Wien, Austria), and SAS (Statistical Analysis Articles Torsvik et al.
System) version 9.2 (SAS Institute, Cary, NC). Generalized additive models were computed using the mgcv-package (version 1.4-0) and segmented regression was calculated by the segmented package (version 0.2-6), both in R (version 2.8.1). Two-sided P values <0.05 were considered statistically significant.
